This study investigated the performance of four different membrane bioreactor (MBR) systems, namely floating media biofilter-crossflow microfiltration (FMB-CFMF) system, submerged membrane bioreactor (SMBR) alone, submerged membrane adsorption bioreactor (SMABR) and sponge-SMBR system, in terms of critical flux. The results indicated that FMB could be used as a pretreatment unit prior to MBR in order to minimize membrane fouling when the FMB-CFMF system operates under sub-critical flux condition. The addition of powdered activated carbon (PAC) could maintain the sustainable flux at a lower TMP value (7.5 kPa). However, irreversible fouling occurred when the filtration flux exceeded critical flux. The addition of 10% volume (reactor volume) fraction of sponge could increase sustainable flux of SMBR system to 2 times.
INTRODUCTION
Among the membrane processes, membrane bioreactor (MBR) technology is becoming a promising option for wastewater treatment and reuse. MBR associates a suspended growth bioreactor and a filtration on porous membrane, which leads to the total retention of biomass (high microbial concentration) and improved biological reactor operation (high sludge ages) in the bioreactor (Lee et al., 2003) . The advantages of MBR over conventional activated sludge (AS) are well documented, which include superior organics removal, enhanced nutrient removal stability, lower sludge production, smaller footprint, effluent disinfection and high loading grate capabilities (Stephenson at al., 2000) . In the design of MBR systems, the submerged membrane bioreactor (SMBR) can assist in significantly reducing power consumption compared to external loop mode.
Filtration flux stability is a significant component for application and evaluation of any pressuredriven membrane process because one of the major drawbacks limiting the application of membranes in water and wastewater treatment is the reduction of permeate flux with time. The occurrence of fouling affects the performance of the membrane either by deposition of a layer onto the membrane surface which introduces additional resistance to permeate flow, or by blockage or partial blockage of the pores which changes the effective pore size distribution (Field et al., 1995) . To overcome membrane fouling problem, a number of studies have been conducted to understand and minimize membrane clogging and the concept of the critical flux is one of them. This concept has been introduced in the mid 1990's with theoretical and experimental evidence.
The critical flux hypothesis for microfiltration (MF) is that on start-up there exists a flux below which a decline of flux with time does not occur; above it fouling is observed (Field et al., 1995) . The value of critical flux depends on the hydrodynamics and also on the particle size and their surface and chemical characteristics (Kwon et al., 2000) . For crossflow MF (CFMF), two different methods are used to determine the critical flux: (i) Based on particle mass balance: By monitoring the change of particle concentration in the fluid phase, the extent and rate of particle deposition at membrane surfaces can be determined at various permeation rates. The highest flux value at which no particle deposition is observed, is taken as the critical flux; (ii) Based on the increase in transmembrane pressure (TMP) required to maintain a constant permeate flux: The TMP increases during the constant permeate flux operation in order to compensate the increase in the resistance to permeation. Accordingly, the critical flux is the flux below which there is no presence of this increase in resistance to permeation (i.e. the TMP is constant with time). In the case of SMBR, 'sub-critical' flux operation does not appear to be feasible and the challenge is determination of the 'sustainable flux', where transmembrane pressure (TMP) rise is tolerable before rapid fouling and increase of TMP is seen to occur (Fane and Leslie, 2004) .
In this study, four different configurations of MBR systems were evaluated and their relative merits were assessed in terms of critical flux. The four systems studied were floating media biofilter-CFMF (FMB-CFMF) system, SMBR alone, submerged membrane adsorption bioreactor (SMABR) and sponge-SMBR system.
EXPERIMENTAL
The experiments were conducted using a synthetic wastewater to avoid any fluctuation in the feed concentration and provide a continuous source of completely biodegradable organic pollutants. The synthetic wastewater has total organic carbon (TOC) concentration of 120-130 mg/L and COD of 320-350 mg/L. The composition of synthetic waster is given in Table 1 (Lee et al., 2003) . NaHCO 3 or H 2 SO 4 were added to the wastewater to maintain a constant pH around 7. The schematic diagram of the first configuration of FMB-CFMF used in this study is shown in Figure 1 . The total membrane area of the flat-sheet CFMF was 3.24×10 . The solution was circulated along the surface of the flat-plate membrane in the module at various crossflow velocities. PVDF (modified polyvinylidene difluoride) Minitan-S Microporous membranes (with pore size of 0.45µm) were used. New membrane was used in each experiment to obtain reproducible results. The synthetic wastewater was delivered from a stock tank to the CFMF cell. The reject water and filtered water were returned to the feed tank. The initial transmembrane pressure was controlled by two valves and its variation during the filtration was monitored by using a pressure transducer at three points P1, P2 and Pf respectively. The TMP was calculated using the following equation: TMP = (P1 + P2)/2 -Pf Figure 1 Critical flux experimental set-up of FMB-CFMF The second and third configurations are SMBR and SMABR. Both SMBR and SMABR were filled with sludge and acclimatized to synthetic wastewater for 12 days. In SMABR system, a predetermined amount of powdered activated carbon (PAC) (5 g/L) was added into the reactor at the beginning of the acclimatization to adsorb the dissolved organic substances. The PAC (80% min finer than 75 micron) used was wood based with surface area of 882 m In the fourth MBR configuration, the reticulated porous polyester-polyurethane sponge (PPS) was used in sponge-SMBR system. The PPS has density of 28-30 kg/m 3 with cell count of 45 cells/in 2 . The dimensions of the sponge cubes are 10 cm, 10 cm and 10 cm in length, width and thickness respectively. Before running the sustainable flux tests, the sponge cubes were also acclimatized to synthetic wastewater.
RESULTS AND DISCUSSION
Membrane fouling study of FMB-CFMF system The acclimatized mixed liquor from the floating media biofilter (FMB) was directed to the crossflow microfiltration (CFMF) and membrane fouling was investigated under different operating conditions. The FMB system was operated at a filtration rate of 1 m/h. Experiments were carried out at different cross flow velocity to study its effect on development of transmembrane pressure (TMP) (Figure 6 ). The Reynolds number and shear stress calculated for different crossflow velocity together with the TMP increases are listed in Table 2 . As can be seen in Figure 3 , when crossflow velocity was 0.15 m/s, the TMP reached to the highest value of 36 kPa after 5-hour filter run. With higher crossflow velocities, the increases of TMP were low. However, the increase of TMP value was not significant when the crossflow velocity was operated from 0.30 m/s to further value of 0.60 m/s. This means the crossflow velocities of 0.30 m/s or 0.45 m/s were efficient to prevent physical fouling of the membrane for the given condition. The membrane fouling was found to be due to the biofouling of the biomass present in effluent from FMB. .h. Thus, the acclimatized FMB-SMBR system can be operated under sub-critical flux condition without significant fouling. FMB can be used as a pretreatment unit prior to SMBR, since it can reduce the loading of organic substances to membrane in MBR and minimize membrane fouling.
Critical flux in SMBR and SMABR systems
Critical flux experiments were carried out after 20-day operation of SMBR and SMABR systems at a constant permeate flux of 10 L/m 2 .h under the same hydraulic retention time (HRT) of 3.1 hours. The membrane was physically cleaned using backwash and the cake layer formed by activated sludge was brushed off before starting the critical flux experiment. Every 40 minutes flux-step, 1 minute backwash was provided at a backwash rate of 30 L/m 2 .h using membrane filtrate. The purpose of backwash was mainly to minimize the TMP increase due to reversible fouling during every experimental flux-step, which could lead to TMP development during the descending flux cycle comparing to ascending flux cycle. Figures 5 and 6 show the critical flux of SMBR and SMABR systems. According to the figures, both of the systems had the same critical flux value of 20-25 L/m 2 .h. However, the TMP value of the SMBR system was higher than that of the SMABR systems, which were 33 and 7.5 kPa respectively at a filtration flux of 20 L/m 2 .h (Table 3) . This indicated that PAC can reduce membrane fouling. During the cycle test, it was observed that the TMP values obtained during the descending flux phase were greater than the corresponding flux values recorded during the ascending phase. Especially for SMABR system, the TMP values were nearly three times of the ascending phase values. TMPs were 7.5 and 21 kPa for the ascending flux and descending flux phases, respectively. These observations indicated that SMABR system formed an initial irreversible fouling due to small PAC particles deposition when the filtration flux was higher than critical flux. The formation of some reversible fouling led to less TMP development of the SMBR system in the descending flux phase when compared to that of SMABR . Critical flux in sponge-SMBR system Critical fluxes were measured in the sponge-SMBR system for the same initial mixed liquor suspended solids (MLSS) of 10 g/L . An air flow rate of 9 L/min was provided. Sponge volume fraction in the reactor was varied at 0% (no sponge), 10% and 20% ( Figure 7 and Table 4 ). Every flux step was of 1 hour duration. As can be seen in Figure 7 , suspended sponge could significantly reduce the membrane fouling and enhance sustainable flux (two times increase with the sponge volume fraction of 10%). A slight decline of sustainable flux was observed for 20% of sponge fraction. This is mainly due to the reduction of sponge cube mobility in the reactor. Sponge-SMBR system could achieve higher quality effluent with a total organic carbon removal efficiency of over 95% in all cases. CONCLUSIONS FMB-CFMF showed a high TOC removal efficiency (over 90%) and the TMP development was only 22.1 kPa (during the 5 hours of operation) when FMB-CFMF was operated even at a high filtration flux of 100 L/m 2 .h. The acclimatized FMB can be used as a pretreatment unit prior to SMBR. It reduced the loading of organic substances to membrane in MBR and minimized membrane fouling when the FMB-CFMF system operates under sub-critical flux condition (filtration flux <100 L/m 2 .h; backwash frequency < 1hour).
Both SMBR and SMABR were found to be excellent in producing a high effluent quality. Both systems showed the same critical flux of 20 L/m 2 .h with mixed liquor taken after 20 days of operation. However, the SMBR had higher TMP value to maintain the sustainable flux. Sponge addition in the SMBR could significantly improve the sustainable flux of the SMBR system. Sponge volume fraction of 10% with an air flow rate of 9 L/min was found to give superior results.
